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ABSTRACT
Compared to other types of positive displacement compressors, linear compressors have drawn much attention for
small-scale refrigeration applications due to low friction, low power losses and compactness. Limited work was found
in the open literature related to the comprehensive dynamic compressor modeling of linear compressors coupled with
mechanical and electrical sub-models. This paper presents a comprehensive and generalized simulation model that is
used to simulate the dynamic performance of a linear compressor. The model is based on mass and energy balance
equations applied to open control volumes. The overall model is composed of several sub-models that include a
dynamic piston model, an electrical motor model, a valve dynamic model, a leakage model. When integrated together
with an overall energy flow model for the compressor, it is possible to predict both the transient and the periodic
steady-state behaviors in term of the piston vibration, temperatures, and pressures within the compressor as well as
the overall performance. Experimental results and preliminary validation of the model are discussed in a companion
paper, (Zhang et al., 2018).

1. INTRODUCTION
Historically, the linear compressor was invented in Europe and Japan in the 1950s for refrigeration applications (Dölz,
1954). However, limited theoretical work was available at that time. One of the first mathematical models of a single
oscillating compressor was developed by Pollak et al. (Pollak et al., 1979). In particular, the model was able to identify
the characteristics of the linear compressor including the piston stroke and the electric current amplitude. Furthermore,
the model accounted for both mechanical and electrical losses. A validation was carried out by using experimental data
from an existing compressor. One of the main findings of the study was the introduction of the concept of gas spring as
a result of a gas pressure force on the harmonic motion of the piston. However, the modeling results from two studies
above were limited by the computational speed and the thermo-physical property evaluation libraries.
Significant research efforts on linear compressors were conducted by the research group at the University of Oxford
outlining potential developments, (Bailey et al., 2011). In particular, Davies et al. (Davies et al., 2010) described the design and construction of a linear compressor and a corresponding model. Based on their model, dynamic characteristics
of linear compressor were analyzed. In addition, a new type of oil-free magnet linear compressor with clearance seals
and flexure springs was designed and incorporated into a vapor compression system which was developed by Liang et
al. (Liang et al., 2014). However, neither a detailed valve model or leakage model were included in the studies above,
which may limit the accuracy of the calculation of mass flow rate during the compressor simulation.
Based on the literature review, limited work was found in the open literature related to the comprehensive dynamic
linear compressor modeling coupled with mechanical as well as electrical sub-models. The current paper presents a
comprehensive and generalized simulation model that is used to simulate the dynamic performance of a linear compressor and is improved from the previous model (Zhang et al., 2017). The proposed formulation has been implemented
within an open-source software package entitled PDSim developed by Bell et al. (I. H. Bell et al., 2013) and extended
by Ziviani et al. (Ziviani et al., 2017).
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2. LINEAR COMPRESSOR CHARACTERISTICS
The linear compressor technology for vapor compression system applications has gained attention due to its compactness and lower friction losses with respect to the conventional reciprocating compressors. Furthermore, the absence of
a crank mechanisms allows oil-free operation, which is very beneficial for the compressor design and choices of the
refrigerant.
Due to its compactness and scalability, the linear compressor is an appealing technology for domestic and miniaturescale refrigeration systems, which have space constraints. Besides, the reduction of the internal space also widens the
possibilities of the designs and inside configurations of the linear compressors as well as the refrigerator.
In addition, the stroke length of a linear compressor is not fixed by a crank mechanism, but is based on a dynamic force
balance between an electronic driving force, a gas compression force and a spring force. The piston is connected directly
to a moving magnet assembly, which is driven by an alternating axial force generated by a magnetic field controlled
by input current and voltage. The variable length of stroke enables the capacity modulation of the refrigeration system
with the use of linear compressors. By adjusting the input frequency (or alternatively the excitation voltage), the
electrical driving force affects the stroke length and, consequently, modulates the capacity of the system. It follows
that the linear compressor can run on a wider range of capacity modulation instead of switching on and off, which
results in the minimum temperature variation and smaller vibration. Furthermore, if the stiffness of the spring system
is adjusted, the mass flow rate delivered by the compressor is also affected because the force balance on the piston
changes. However, this approach can only be achieved with open-drive linear compressor.
The piston in a linear compressor operates at resonance in order to obtain a reduction of the motor size as well as the
power losses, which allows the device to achieve higher motor efficiencies than the conventional induction motor in
reciprocating compressors. In fact, the linear compressor produces the maximum piston stroke and the best energy
conversion ratio from the electrical to mechanical energy at the resonant frequency.
Based on the linear compressor characteristics discussed above, it is necessary to develop a comprehensive dynamic
simulation model to have a better understanding of the behaviors of linear compressors, which can be used for further
compressor prototype design, operation control or performance improvement.

3. MODELING APPROACH
3.1 Governing equations
The compression process model within a linear compressor is based upon mass and energy conservation equations
applied to the working chamber, i.e. chamber model or deterministic model. To simplify the model and increase
the computational speed, all thermodynamic properties are assumed as one dimensional uniform within each control
volume, , i.e. spatial gradients are neglected, and the working fluid follows a quasi-equilibrium state during the entire
process. The overall compressor system is modeled by employing the following fundamental components, which can
be identified from Figure 1.
• Control Volume (CV): working chamber, i.e., compression chamber and shell chamber.
• Tube: flow path through connection tubing with respect to the pressure drop and heat transfer process inside,
i.e., suction tube and discharge tube.
• Flow Path: connect each component of the entire model and the connected element could either be a control
volume or a tube, i.e., valve flows, leakage flows.
The energy balance and mass conservation equations are time dependent which will be used to predict not only the
transient start-up performance of a linear compressor but consider a steady-periodic dynamic solution with few complete working cycles. The governing differential equations for transient behavior of the gas within the chamber are
given by Equation 1 and Equation 2.

mcv Ccv

dT
∂P
dV 1 dmcv
dm
dm
dmcv dQ
+ T( ) [
−
] + hcv
=
+∑
hin − ∑
hcv
dt
∂t v dt ρ dt
dt
dt
dt
dt

24th International Compressor Engineering Conference at Purdue, July 9-12, 2018

(1)

1667, Page 3

Table 1: Schematic legend description.
Component

Description

CV1
CV2
Tube1
Tube2
Flow Path 1
Flow Path 2
Flow Path 3
Flow Path 4

compressor chamber
shell chamber
suction tube
discharge tube
suction flow
suction valve flow
discharge valve flow
leakage flow

Figure 1: Schematic diagram of a commercial linear
compressor.

dmcv dmin dmleak,in dmout dmleak,out
=
+
−
−
dt
dt
dt
dt
dt

(2)

To analyze the compression process thermodynamically, the open source thermophysical property library CoolProp
(I. Bell, 2013) is used to determine the state of the working fluid in the working chamber at each time step. In particular,
R-134a has been chosen as the working fluid in the current model. The conservation equations are integrated at a
particular time step and coupled with the piston, valve, motor, heat transfer sub-models, which will be discussed in the
following subsections.

3.2 Piston model
The absence of a crank mechanism allows the variation of the linear compressor stroke length, which is determined by
the geometry, the motor and the dynamic force balance instead. The spring suspension system ensures that the piston
is moving linearly and steadily. In this work, the piston is modeled as a free body with forced, damped and simple
harmonic oscillation. Figure 2(a) shows the force balance analysis on the piston assembly. The movement of the piston
is affected by the gas pressure differential force, the mechanical spring force and the friction force and the governing
equation can be expressed as Equation 3. The motor driving force is based on the input current (I) and motor factor
(α) as described in Section 3.4.
meff ẍp + cfri ẋp + ks xp + (P(t) − Pshell )Ap = αI(t)

(3)

where meff is the effective mass of piton and moving magnet, cfri is the friction coefficient, ks is the spring stiffness, Ap
is the piston cross area, xp is the piston instantaneous transverse displacement.
The piston starts from an initial point with some gas inside the compression chamber and is moved between top
dead center (TDC) and bottom dead center (BDC). According to the force balance and the frequency of the input
power, the piston displacement will oscillate between positive and negative values and the piston stroke can also be
affected.
In order to determine the resonant frequency of the system, the equation of motion (EOM) is setup as a function
of damping and spring term only. Therefore, the gas pressure force term is then divided into an equivalent viscous
damping force and an equivalent spring force. The modified governing equation is shown as Equation 4 and the new
force balance can be represented by the new free body diagram in Figure 2(b).
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TDC

BDC

P (t)Ap →
αI(t) →

TDC

← Pshell Ap

Piston

← ks xp (t)

← cfri ẋ p (t)

kgas xp (t) →
αI(t) →

BDC
← cgas ẋ p (t)

Piston

← ks xp (t)

← cfri ẋ p (t)

x

x

(a)

(b)

Figure 2: Free body diagram of piston: (a) with pressure force term; (b) with the equivalent gas spring and
damping term.

meff ẍp + (cfri + cgas )ẋp + (ks − kgas )xp = αI(t)

kgas =

Ps (PR − 1)AP
xp

∮ cgas ẋp ds = ∮ P dV

(4)

(5)

(6)

where cgas is the equivalent viscous damping coefficient and kgas is the equivalent spring stiffness which can be calculated by Equation 5 and Equation 6, respectively.

3.3 Valve model
Valve motion in a linear compressor can be characterized as pressure dominant or mass dominant based on the lift
of the valve opening with different flow areas, shown in Figure 3. This categorization was first suggested by Soedel
(Singh & Soedel, 1976) and improved by Kim et al. (Kim, 2005). It can be noted that flow area in pressure dominant
region is a function of the valve lift and is equal to the valve circumference area. When the valve lifts high enough over
one traditional point, the flow area begins to be independent of the valve lift and is equal to the port area. Theoretically,
there is a critical valve lift between the mass-flux dominant and pressure dominant modes and this critical value can be
determined by assuming that the mass flow rate in two domains are consistent at this height, represented by Equation
7 and the transitional displacement can be obtained by using Equation 8.
π
ρpd Vpd πDvalve yvalve = ρmd Vmd D2port
4
ytr =

2
1 Dport
4 Dvalve

(7)

(8)

where the subscript pd denotes pressure dominant region and md denotes mass-flux dominant region, respectively. Dport
denotes the diameter of the valve port and Dvalve represents the valve plate diameter.
The governing equations for these two valve dominant modes are given by Equation 9 and Equation 10, respectively:
1
meff,v ÿv = CD ρAv V2gas (t)Av − kv yv + (Phigh (t) − Plow (t))Av
2
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(a)

(b)

Figure 3: Two valve motion regions: (a) pressure dominant region; (b) mass-flux dominant region.

1
meff,v ÿv = CD ρAv V2gas (t)Av + ρ(Vgas (t) − ẏv )2 Aport − kv yv (t)
(10)
2
where meff,v is the valve effective mass, CD is the drag force coefficient, ρ is the density of valve material, Vgas (t) is
the gas velocity, and yv is the valve instantaneous transverse displacement.

3.4 Motor model
The electric circuit in a linear motor used in the dynamic linear compressor model includes input voltage V, inductance
L, electric resistance R and capacitance C. The governing equation of the electrical circuit can be expressed as Equation
11 by the definition of Kirchhoff’s Voltage Law (KVL).
1
(11)
∫ Idt
C
where uemf (t) represents the back Electromotive force (EMF) which is the induced voltage generated in the magnetic
field due to relative motion between piston and stator winding, calculated with Faraday’s Law as:
Ve − uemf (t) = Lİ + RI +

uemf (t) = Blẋp

= αẋp

(12)

where B is the magnetic density and l is the length of conductor. However, motor factor α is always used to calculate
EMF which can be obtained from nameplate of the motor or correlated with experimental data.

3.5 Sub-models
In addition to the core models discussed in previous sections, there are several additional sub-models to consist of the
comprehensive dynamic linear compressor model, which are introduced briefly as follows:
• Leakage model: couette flow model was used to describe the flow leakage between the piston and cylinder wall.
• Friction loss: thin film friction approach was applied to account for the viscous shear stress loss between the
piston and cylinder.
• Heat transfer model: the empirical approach (Fagotti & Prata, 1998) was adopted to simulate the in-cylinder
transient heat transfer process.
• Flow Path: isentropic nozzle assumption was made to model the flow path between each component in the
system.
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3.6 Overall Energy Balance
In order to close the compressor model, an overall energy balance (OEB) needs to be imposed. In particular, a compressor is characterized by a complex heat flow network in which heat is transferred between the working fluid and the
different components inside the compressor shell. Additional heat is generated by friction and electrical losses. To limit
the complexity of the problem, it is assumed that the temperature distributions are uniform within a certain component.
Such assumption is reasonable given the fact that spatial variations of the temperatures are small with respect to the
average temperature of the component. The resulting thermal model is called lumped capacitance method, proposed
by Incropera et al. (Bergman, 2011), is used in this study and this concept implies that temperature gradients within
solids are negligible. The thermal model can be time-based or steady-state depending on the time-scale considered for
the overall energy balance.

3.7 Numerical Analysis
The overall solution algorithm of the dynamic linear compressor simulation model is shown in Figure 4. Once the
compressor geometry is defined, the simulation is initialized by specifying the working fluid, inlet conditions (typically
temperature and pressure) and discharge pressure. Then, guess values of mass flow rate and discharge conditions
are specified to begin the iterative solution process. All sub-models are coupled through energy/mass conservation
equations and solved simultaneously. An adaptive Runge-Kutta integrator 4th /5th (RK45) is used for the integration of
the equation system and adjusts the step-size in order to maintain a required error per step.
Start
Geometry
Guess Value
Initialization
t=0

Adjust
∆t

Chamber Model

Tube Model

Piston Model

Flow Path Model

Valve Model

Leakage Model

Motor Model

Friction Model

Variable derivatives

Heat transfer

No

|rstep | < εstep
Yes
t = t + ∆t

No

Update initial
state variables,
Tlumps & Td

|xp,n − xp,0 | < εs
|ẋp,n − ẋp,0 | < εs

Yes
One Periodical Steady-state Cycle
Calculate Residuals

|rlump | < εlump
|rd | < εd
|rcycle | < εcycle

No

Yes
Stop

Figure 4: The flow chart of the linear compressor simulation model.
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4. SIMULATION RESULTS
The comprehensive simulation model described above is employed to investigate the characteristics of linear compressors by analyzing the transient and periodic-steady behavior in a linear compressor as a function of time and the
simualtion results are presented in this section from the following aspects:
•
•
•
•
•
•

Piston motion
Cylinder pressure
Cylinder gas mass
Valve motion
P-V diagram
Lumped temperature of main components

Figure 5(a) shows the cyclic variation of the piston displacement as a function of time. It can be seen that the piston
stroke is not fixed, as in conventional reciprocating compressors. A criterion to check the convergence of the piston
displacement and velocity was developed to identify the mechanical steady-periodic condition when the piston stroke
is constant and the compressor is working with a periodical cycle.

0.5
0.0
0.5
0.0

Cylinder
Suction
Discharge

800
Pressure [kPa]

Piston Displacement
[cm]

Figure 5(b) shows the dynamic variation of the cylinder pressure as a function of time as well as the compressor shell
pressure, which is the same as the inlet pressure. The pressure inside the cylinder builds up during the first few cycles
until it reaches the target pressure, which was set to 560 kPa, when the discharge valve is able to open. Once steadyperiodical conditions are detected from the piston motion, the cylinder pressure shows cyclic steady performance. The
results presented in Figure 5 demonstrate the dynamic behavior of the compressor at start up and as it approaches a
periodical steady state but prior to satisfying the overall energy balance.

600
400
200

0.1

0.2
0.3
Time [s]
(a)

0.4

0.5

0.0

0.1

0.2
0.3
Time [s]

0.4

0.5

(b)

Figure 5: Transientsimulation results from compressor start-up: (a) Piston displacement over running time;
(b) Pressure variation over running time.
After the initial transient behavior, the linear compressor will establish a periodic steady-state operation. In the simulation model, a criterion based on the convergence of piston displacement and velocity over two consecutive working
cycles was developed in order to identify the steady-periodic solution. The preliminary periodic-steady results are
presented in the following paragraph.
Figure 6(a) shows the dynamic behavior of the piston displacement at periodical steady-state conditions and it follows
a similar sinusoidal function pattern of oscillation to that in conventional reciprocating compressors. The overall
piston stroke was predicted to be approximately 11 mm, which is marked in green. It can also be noted that there is a
displacement bias between the initial piston position and the final equilibrium position, which is a typical characteristic
of a linear compressor. The initial position directly affects the assembly for the design, determined by the location of
the motor, length of the spring system, etc..
The in-cylinder pressure traced as a function of time can be seen in Figure 6(b). Four processes in a linear compressor
can be identified, i.e., suction, compression, discharging, and expansion. Two different types of valves used in the
modeled linear compressor lead to very different pressure fluctuations during suction and discharge processes, which
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New Equilibrium Position
Initial Position

0.0
0.5
2.995

3.000

3.005 3.010
Time [s]

3.015

600
Pressure [kPa]

0.5

Piston Stroke

Piston Displacement
[cm]

can be distinguished in Figure 6(b). In particular, the plate valve on the discharge line produces more pressure drop
than the one in the suction line, where a reed valve was employed.

400
200
0
2.995

3.020

Cylinder
Suction
Discharge

3.000

3.005
3.010
Time [s]

(a)

3.015

3.020

(b)

Figure 6: Periodical steady-state simulation results: (a) Piston displacement; (b) In-cylinder pressure
variation.
The reed valve in the suction process leads to a longer opening time and smoother performance, as shown in Figure
7(a). In the modeled commercial linear compressor, a reed valve is located at the end of the piston, and three ports
on the valve plate direct flow smoothly, which can be observed from pressure variation during the suction process
in Figure 6(b). On the other hand, the plate valve with a single large discharge port installed on the discharge side
produces a shorter discharging process.
The variation of the in-cylinder vapor mass at periodical steady state as a function of time is reported in Figure 7(b).
The opening and closing processes of the suction and discharge valve are clearly delimited by the dashed lines.
The density of the suction gas is lower than the discharged gas. As a result, the conservation of mass in the compression
chamber dictates that the volumetric flow of the suction process is higher than that of the discharge process, which
results in a larger valve opening time for the suction process. Therefore, the suction process takes more time, i.e.
longer opening time for the suction valve, while the discharging process is shorter, which is very consistent with the
variation of the valve motions shown in Figure 7(a). However, at all other times, i.e. when two valves are closed, the
cylinder vapor mass is almost constant because of the mass conservation. Minor variations may occur due to small
leakage flows either from compression cylinder to shell or vice versa.
Sunction
Discharge

0.8
0.6
0.4
0.2
0.0
2.990

3.000

3.010
Time [s]
(a)

3.020

0.04
Cylinder Vapor Mass [g]

Valve Displacement
[mm]

1.0

Discharge

Suction

0.03
0.02
0.01
2.995

3.000

3.005
3.010
Time [s]

3.015

3.020

(b)

Figure 7: Periodical steady-state simulation results: (a) Valve displacement; (b) Cylinder vapor mass variation.
Figure 8(a) shows a P-V diagram of the linear compressor at periodic steady-state condition. By analyzing the P-V
diagram, it can be seen that the linear compressor has a large clearance volume, which affects the indicated work
and both the volumetric and isentropic efficiencies in conventional reciprocating compressors. However, due to the
existence of a spring system in a linear compressor design, the larger expansion work from this clearance is stored
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inside the spring and released back during the compression process. In addition, the opening and closing process of
two valves are represented in this diagram as well.
As already mentioned in Section 3.6, an overall energy balance is enforced to close the mechanistic model of the
compressor. The OEB allows the estimation of the thermal interactions between the components and to estimate the
heat losses. The behavior of each lumped temperature over time can be seen in Figure 8(b). To be noted is that the
time scale of the compressor thermal model is larger compared to the mechanical compression process. In fact, it
takes approximately an hour for the compressor to reach the thermal steady-state condition. It follows that integrating
the thermal model over time is time consuming and a steady-state approach could be sufficient. Moreover, it should
be noted that all the thermal resistances have been estimated by employing appropriate heat transfer correlations.
Internal temperature measurements could be used to tune these thermal resistances in order to improve the transient
predictions.

Pressure [kPa]

600
Cylinder
Suction
Discharge

400
200
0

0

2

4
Volume [cm 3 ]
(a)

6

8
(b)

Figure 8: (a) P-V diagram at periodical steady state; (b) Temperatures variation of main components in the
linear compressor.

5. OVERALL PERFORMANCE PREDICTIONS
Based on the dynamic simulation model for linear compressors, the compressor performance was predicted and analyzed with respect to different input frequencies.
Figure 9(a) depicts the variation of calculated mass flow rates as well as the corresponding piston strokes under different
input frequencies. Both two curves have a similar trend with a peak at the specific operating frequency of the system
around 53 Hz. It is seen that a longer piston stroke leads to a high mass flow rate. Figure 9(b) presents the variation
of the motor efficiency as a function of input frequency. The peak shows up when the input frequency is equal to the
resonance frequency of the system, which is very consistent with that in Figure 9(a). This operating point produces
the maximum piston stroke, as well as the mass flow rate, and the best energy conversion ratio from electrical to
mechanical energy, represented by the motor efficiency. It is seen that the highest motor efficiency is up to 94 % at the
peak and drops drastically beyond the resonant frequency. The motor frequency decreases to 75 % at the frequency of
60 Hz. It can be concluded from this graph that it would be beneficial with respect to the motor efficiency to control the
compressor work at/close to the resonant frequency and only small deviation from the resonant frequency will decrease
the motor efficiency, especially at the operating condition with higher frequency.

6. CONCLUSIONS AND FUTURE WORK
In this paper, a comprehensive linear compressor simulation model has been developed to describe both the transient
and periodic-steady behavior in a linear compressor and associated energy flows. The overall model is composed of
several sub-models that include a dynamic piston model, tube model, flow model, an electrical motor model, and a
heat transfer model. The preliminary overall linear compressor performance was predicted and analyzed. The model
demonstrates that the maximum stroke/mass flow rate and highest motor efficiency occur when the excitation frequency
is at the resonance frequency of system. The model will be validated by utilizing the experimental results from the
24th International Compressor Engineering Conference at Purdue, July 9-12, 2018
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Mass Flow Rate
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Figure 9: (a) Predicted mass flow rate and piston stroke as a function of input frequency; (b) Motor efficiency
as a function of input frequency.
commercial linear compressors to assess the accuracy of the model and eventually identify the improvement required.
After the modifications and improvements, the model will be used to optimize the design of a prototype compressor.
Furthermore, preliminary validation of the model and parametric studies have been conducted and are included in a
companion paper, (Zhang et al., 2018).

NOMENCLATURE
α
A
B
C
c
CD
I
h
kv
L
m
P
Q̇
ρ
T
u
v
V
xp
Ve
Vgas
Ẇ

motor factor
Area
Magnetic design
Capacity
Damping term
Drag force coefficient
Current
Specific enthalpy
Spring stiffness
Inductance
Mass
Pressure
Heat rate
Density
Temperature
Specific internal energy
Specific volume
Volume
piston stroke
Voltage
Gas velocity
Power

(N/A)
(m2 )
(N/A − m)
(μF)
(kg/s)
(-)
(A)
(kJ/kg)
(N/m)
(mH)
(k)
(kPa)
(kW)
(m3 /kg)
(K)
(kJ/kg)
(m3 /kg)
(m3 )
(m)
(V)
(m/s)
(W)

y Valve displacement (m)
η Efficiency
(-)
Subscript
amb
ambient
cir
circumference
cv
control volume
cyl
cylinder
dis
discharge
eff
effective
emf
electromotive force
fri
friction
in
inlet
leak
leakage
m
motor
md
mass-flux domain
out
outlet
p
piston
pd
pressure domain
s
spring
pl
plate
rms
root mean square
s
spring
v
valve
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